number of alleles of RAP1 (a TRF2 binding protein) in TRF2 ( Figure 1A ) and a novel uncharacterized protein (hypothetical protein 24432; GenBank accession # HTC75 cells induces telomerase-dependent telomere elongation [30] [31] [32] . BC016904), which we named TINT1 for TIN2 interacting protein 1 (Figure 2A ). Here, we provide a molecular connection between TRF1 and TRF2 and potentially for telomere length mainBecause TIN2 was previously characterized as a TRF1-interacting protein, we sought to substantiate the tenance as well. We show that TIN2, along with an associated novel telomere length regulator TINT1, binds to TIN2-TRF2 interaction by immunoprecipitation analysis. Whole cell extracts from stable HTC75 cell lines expressboth TRF1 and TRF2. Our studies indicate a dynamic cross talk between TRF1 and TRF2; when TRF1 is reing Flag-epitope-tagged full-length TIN2 or an amino terminally deleted form (TIN2C) ( Figure 1A ) were immumoved from telomeres, association of TIN2 and TINT1 with TRF2 is increased. Increased binding of the TIN2/ noprecipitated with anti-Flag antibody and analyzed by immunoblot. As shown in Figure 1B , both TRF1 and TINT1 complex to TRF2 could act as a signal to communicate changes in TRF1 levels and to ultimately establish TRF2 coimmunoprecipitated with full-length TIN2 (lane 2). TRF2 did not coimmunoprecipitate with TIN2C (lane a new telomere length setting in the absence of TRF1.
3), indicating that the amino terminal domain of TIN2 was required for the TRF2 interaction. Interestingly, TRF2 Results showed a positive interaction with TIN2C in a two-hybrid assay (data not shown). However, because this interac-TIN2 Binds TRF2 tion was not substantiated by coimmunoprecipitation Previous work indicated that overexpression of an analysis ( Figure 1B, lane 3 sites for TRF2 (in its amino terminus) and TRF1 (in its in a variety of human tissues ( Figure 2B ), similar to other human telomeric proteins [12, 13, 24]. carboxy terminus) raised the possibility of a ternary complex containing all three proteins. However, as shown To further characterize TINT1, rabbit polyclonal antibodies were generated against a synthetic peptide of in Figure 1C effect on TRF2 or TINT1. However, we did observe a Our results suggest a partially redundant unit at telosmall but reproducible increase in TIN2 levels. Immunomeres of TIN2 and TINT1 bound to TRF1 or TRF2. If precipitation analysis indicated an increased associatrue, the prediction is that TIN2 and TINT1 could remain tion between TRF2 and the TIN2/TINT1 complex in the associated with telomeres via TRF2 even in the absence absence of TRF1: TIN2 coimmunoprecipitated increased of TRF1. To address this question, we determined the levels of TRF2, TRF2 coimmunoprecipitated increased fate of TIN2 and TINT1 when TRF1 was removed from levels of TIN2 and TINT1, and TINT1 coimmunoprecipitelomeres by tankyrase 1 overexpression. For this, we tated increased levels of TRF2 ( Figure 6C, lane 2) . The used a Flag-epitope-tagged allele of tankyrase 1, which increased association is not the result of telomere length changes as it occurs after short-term induction of tancontained a nuclear localization signal, FN-tankyrase 1 kyrase 1 before any significant telomere elongation ocabsence of TRF1, and the data further suggest that association between the TIN2/TINT1 complex and TRF2 is curs [21] .
Identical results were obtained with a different set of increased in cells that overexpress tankyrase 1 and contain reduced levels of TRF1. HTC75 stable cell lines, which constitutively express wild-type (WT) or catalytically PARP-dead (HE/A) FNtankyrase 1 [22] . As shown in Figure 6D Figure 6D, lane 1) or PARP-dead each previously been thought to associate with a unique set of proteins to execute discrete functions at telo-HE/A cells ( Figure 6D, lane 3) . Together, the immunofluorescence analysis and coimmunoprecipitation data premeres. Our studies show that they do, in fact, associate with a common set of telomere length regulators TIN2 sented in Figure 6 demonstrate that TIN2 and TINT1 can remain associated with TRF2 at telomeres in the and TINT1, suggesting a molecular mechanism for cross Moreover, like TRF1 [15, 33], TINT1 had no effect on telomere shortening in telomerase-negative primary cells ( Figure 4C ), suggesting that TINT1 acts in cis at telomeres to block access of telomerase. While this paper was under review, TINT1 was independently identified as PTOP [34] or PIP1 [35] by mass spectrometric analysis of TIN2 immunoprecipitates, where it was found that in addition to TIN2, TINT1 (PTOP/PIP1) also bound to POT1. Knockdown of TINT1 (PTOP/PIP1) expression resulted in telomere elongation [35] , consistent with a role as a negative regulator of telomere length. We showed that TINT1 associated with TIN2 (and localized to telomeres) via its carboxy terminal amino acids 427-544 (Figures 3B and 3C) . Overexpression of an allele lacking this domain, TINT1
426
, promoted telomere elongation (Figures 4A and 4B) . TINT1 426 did not localize to telomeres but rather exhibited a diffuse nucleoplasmic stain (Figure 3C d ). It will be important to determine how TINT1 426 exerts its effect at telomeres. The finding that its overexpression had no effect on localization of endogenous TINT1 ( Figure 3C dЈ ) makes domain alone was shown to induce telomere elongation [34] . Thus, based on these findings, TINT1 426 could act talk between TRF1 and TRF2 and for a flexibility or reby stripping POT1 off telomeres and allowing access dundancy in telomere length regulation.
to telomerase. Although TINT1 426 had no effect on the growth rate of telomerase positive HTC75 cells, it did TIN2 Binds TRF1 and TRF2 dramatically slow the growth rate of primary WI38 cells. Our data indicate that TIN2 contains, in addition to the It is interesting to speculate that this same activity of previously reported TRF1 binding site in its carboxy ter-TINT1 426 (removal of POT1 from telomeres) could have minus [24] , a TRF2 binding site in its amino terminus. a differential effect on cells, depending on their telomWe demonstrate by coimmunoprecipitation analysis of erase status. endogenous proteins that TIN2 is complexed with either Two other alleles, TINT1 ⌬88 and TINT1
274
, promoted TRF1 or TRF2 ( Figure 1C ). Under our immunoprecipitatelomere shortening but not to the same extent as fulltion conditions, only a small fraction of the total TIN2 in length TINT1 (Figures 4A and 4B) . The observation that the cell is complexed to TRF1 or TRF2. However, this full-length TINT1 promotes a more dramatic shortening is likely to be an underestimate of the amount in vivo.
than TINT1 ⌬88 suggests that the amino terminal 88 amino Indeed, when cells are fractionated into nuclear and acids could play some role in telomere length regulation. cytosolic extracts by hypotonic dounce lysis, whereas Similarly, the finding that TINT1 274 can influence telomere TRF1 and TRF2 fractionate exclusively with nuclei, as length (despite the fact that it lacks both the POT1-much as half of the TIN2 leaks out into the cytosol (W.C., and TIN2-interacting domains) suggests that the amino S.S., unpublished data), indicating a highly unstable asterminal 274 amino acids could interact with other prosociation. Similarly, although we could immunoprecipitein(s) that might influence telomere length. tate a ternary complex of TIN2, TRF1, and TRF2, it appeared to be minor, and it required simultaneous The TIN2/TINT1 Complex Associates overexpression of all three proteins ( Figure 1D ). Again, with TRF1 or TRF2 such a ternary complex may be more prevalent in vivo Our immunoprecipitation and immunofluorescence analybut fall apart upon cell lysis. It will be important in the ses indicate that the TIN2/TINT1 complex associates future to determine the stability and characteristics of with TRF1 or TRF2 at telomeres. This association occurs these complexes in vivo. This may be achieved through throughout the cell cycle, indicating these complexes a combination of in vivo crosslinking, subsequent fracas persistent units of telomeric chromatin ( 
